Molecular dynamics simulations were performed to study the water structure and dynamics in the hydration shell of the globular TS-Kappa protein.
Introduction
Almost all biomolecules are activated in water environment. In most cases instead of being just an involving layer which increases the solubility, hydration water is an active participant in the dynamics of these molecules [1] . Then, the water first layer and the biomolecule should not be considered as separated entities but form a biologically active entity [2] .
One important example is the protein dynamical transition (PDT), recognized as the abrupt increase in the amplitude of the atomic motions observed experimentally in a number of proteins between 180-240 K [3] [4] [5] . This phenomena depends on the hydration water because the conformation and the stability of the proteins can only be retained in the presence of a critical amount of water, the hydration shell. Consequently, the decrease of the hydration level around the biomolecule leads to the suppression of both the PDT [6, 7] and of the biological activity [8, 9] . This happens because the water layer and the protein are connected by a hydrogen-bonded (HB) network [10] . Furthermore, the protein dynamical transition, which depends on the relaxation of the protein-water HB network, is affected by the water translational diffusion [11] . Moreover, since the HB network changes with the addition of other molecules in the solution, the PDT shifts to higher temperatures when the solvent viscosity is increased [6, 12] . It is clear that water affects the protein through the increase of both the translational and of the rotational dynamics of water [13, 14] , which is evidenced by the fragile-tostrong crossover in the Arrhenius plot of the water average relaxation times [15] [16] [17] .
As one entity, the protein also affects the water around it. NMR and neutron scattering experiments, by probing the average atomic motion, shows that the dynamic and the structure of the water in the hydration shell is quite different from the bulk water [18] [19] [20] [21] [22] [23] [24] . The simulations indicate that the water in the protein hydration shell exhibits not only a slower mobility but also a heterogeneous dynamics with a sublinear diffusion [25] . This slow dynamics can be correlated with superficial water-water HB that form a network hindering the water diffusion [26] . The disruption of this network enhances the dynamics. The function of the hydrophobic and the hydrophilic sites in this disruption, however, remains not clear.
In this work we address the role of the hydrophobic and of the hydrophilic regions of the protein in the hydration water dynamics and, consequently, in the protein dynamical transition. Molecular dynamics (MD) simulations of the globular TS-Kappa protein [27] , immersed in SPC/E [28] water are performed and the mobility of the hydration shell is computed. The TSKappa is selected because it has both hydrophobic and hydrophilic sites randomly distributed in the protein surface. This allows us to explore the local dynamics.
The paper is organized as follows. In the section 2, the computational details and the methods are described, in the section 3 the main results of the dynamic and structural properties of the water-protein system are discussed. Conclusions are presented in the section 4.
Computational details and methods
Molecular dynamics simulations of solvated TS-Kappa protein using GRO-MACS [29] 4.5.5 package were performed. We have adopted a globular protein. Even though the surface area accessible to solvents is smaller in globular than in intrinsically disordered proteins [30] , the connection between the hydration translational diffusion and the protein dynamical transition does not depend if the protein is intrinsically disordered or folded [11] . This independence between shape and dynamics is also observed in comparing the mobility of water in different globular proteins [31] . This result suggests that in principle it is possible to learn about the dynamics of the proteins by analyzing one specific structure.
In order to describe bonded and non-bonded interactions within the TSKappa protein, the OPLS-AA force field [32] was used. Long-range coulomb interaction was handled using the particle mesh Ewald (PME) summation and the non-bonded interactions were truncated at 1 nm.
The system comprises one TS-Kappa protein (1TSK at the Protein Data Bank [33] ) solvated by 3950 SPC/E water molecules in a cubic box of side 5.5 nm, as shown in the Figure 1(a) . The protein has thirty-five residues: eight with hydrophobic behavior and twenty-seven hydrophilic mixed. For the definition of hydrophobic and hydrophilic sites we follow the polarity criteria in reference [33] . The geometry of water molecules was kept by the SHAKE algorithm [34] and periodic boundary conditions were employed in all directions. After solvated, the output file contains a charged protein, with a net charge of +5e. In order to guarantee no net charge in the unit cell, five Cl − were added. The simulation run was performed in three steps as follows. Initially the system was equilibrated during 5 ns with the protein atoms kept fixed and water and ions free to move. Then, more 5 ns of simulations were performed, but this time with all atoms free to move. Finally, a 10 ns production run followed. The entire simulation was implemented in the NPT ensemble. For each run, the pressure was kept at 1 atm by the ParrinelloRahman barostat [35] while temperature was controlled by the Nosé-Hoover thermostat [36, 37] . The timestep for the simulations was 2 fs and data were recorded every timestep, for further analysis purposes.
The hydrogen bond was defined by the geometrical criterion of donorhydrogen-acceptor (DHA) angle and donor-acceptor (DA) or hydrogen-acceptor (HA) distance. Here, we considered a maximum DHA angle of 30
• and a DA distance of 0.35 nm, corresponding to the first minimum of the radial distribution function of SPC/E water [38] . The first hydration shell was defined as the water molecules at a distance minor or equal than 0.4 nm [25, 39] . For the change of the dynamics of the water due to the presence of the protein only the first hydration shell was taken into account since the perturbation induced by a biomolecule falls off rapidly with distance from the surface [40, 41] .
For the lifetime estimation an auto-correlation function based on the distribution of lifetimes P(τ ) is constructed:
The HB lifetime τ can now be associated with the integral of Eq. 1:
The self-diffusion coefficient D, averaged over all particles was determined from the Einstein relation [42] as the mean squared displacement (MSD) along the trajectory of a particle
where denotes an average over all the molecules, d stands for dimensionality and r (t) is the displacement of a molecule during the time interval t. For the diffusion of water at the protein surface, only the molecules that remains for at least 70% of the simulation time in the vicinity of the site (hydrophobic or hydrophilic) are considered for the MSD computation and further diffusion calculations.
Results and discussion
First, the protein-water interaction is computed by analyzing the mobility of the water at the first hydration shell close to the hydrophobic and the hydrophilic sites. The Figure 2 illustrates the variation with temperature of the average diffusion coefficient of the water molecules close to the hydrophobic (squares) and to the hydrophilic (diamonds) patches of the protein. Our results are consistent with the experiments which show that the overall mobility of the hydrated water is lower than the diffusion of the bulk water [43] . Simulations have also shown that the rotational diffusion and relaxation times are lower in the hydration layer of small peptides, proteins and cells compared to the bulk [44] . In this studies, the evolution of the orientational relaxation time, integrated over the rotational auto-correlation function, is proportional to the translational diffusion coefficient [45] .
The behavior of D with the temperature for the bulk and for the hydration water are quite distinct. While the diffusion coefficient of the bulk water exhibits a parabolic increase with the temperature, the diffusion coefficient of the hydration water shows two linear regimes with different slopes and a crossover between them. For the water in the vicinity of the hydrophobic sites of the protein, the crossover from almost zero mobility to linear diffusion occurs at a temperature of about 270 K. In the case of the hydration water close to the hydrophilic sites the crossover happens at a temperature of about 240 K. The crossover at 240 K was observed before by analyzing the whole hydration layer [7, 14, 19] around the protein. Its origin is still under debate. In some cases this transition is associated with the low density liquid to high density liquid crossover observed in confined super-cooled water [15, 17, 46] . In other cases, no sign of a fragile-to-strong transition is observed and the crossover is interpreted as a kinetic consequence of the glass transition at lower temperatures [47] .
Our results illustrated in the Figure 2 adds complexity to this picture since instead of having one crossover temperature it presents two distinct transitions for the hydrophobic and for the hydrophilic sites. In order to explore the differences between the two mechanisms the mean square displacement of the TS-Kappa's hydrogen atoms was computed. The hydrogen are the lightest and most mobile atoms over the protein surface, therefore a useful probe of the mobility of the TS-Kappa as a whole. In order to com- pletely remove the translational motions of the protein during the simulation, and access just the fluctuations in its structure, we compute the MSD at each time step by comparing the protein structure at time t with respect to the reference initial configuration of the protein trough a least-squares fitting of the two compared structures. The time dependent hydrogen's MSD is then averaged over 1 ns, as shown in Figure 3 . There are two main contributions to the a protein's MSD: a vibrational component predominant at low temperatures and a conformational component activated by temperature and absent in dry proteins [48] . The Figure 3 illustrates the protein MSD dynamic crossover around T = 240 K. This is the same temperature in which the dynamic crossover in the water diffusion at the hydrophilic sites is shown in the Figure 2 . At low temperatures the protein exhibits a very slow dynamics also observed in other studies [7, 49] . The transition at 240 K might be due to the coupling between water and protein kinetics [5, 11, 14, 17, 47] .
In order to investigate if the transition at 240 K could be related to this kinetic coupling effect, the number of HBs (n HB ) is evaluated. The Figure 4 shows the number of water-water (n w−wHB ) and water-protein (n w−pHB ) hy- drogen bonds as a function of the temperature. The number of water-water hydrogen bonds is lower than the number of water-protein bonds in the vicinity of the hydrophilic sites which indicates that the hydrophilic patches of the protein attract water molecules to its surface breaking water-water HBs, as suggested in our previous work [50] . The water-water and water-protein hydrogen bonds show a very similar behavior converging to the same value around 300 K.
In the hydrophobic region, the behavior is the opposite. The number of water-water hydrogen bonds is larger than the number of water-protein bonds, n w−wHB > n w−pHB , indicating that the water molecules prefer to connect with each other rather than with the protein amino acids. As illustrated in the Figure 4 (b) for temperatures higher than 270 K almost no bond between water and the protein in this region is formed. Since 270 K is the temperature beyond which water in the vicinity of hydrophobic sites becomes mobile, the combination of the results suggests that the dynamic crossover in the water illustrated in the Figure 2 namics can be observed as a change of curvature in the slowest relaxation protein-water collective motions [49] at temperatures around 270 K. Next, we check if the temperature dependence of the lifetime of the waterwater and water-protein hydrogen bonds is consistent with the mechanisms of water-protein interaction suggested above. The Figure 5(a) illustrates that the lifetime of the water-water HB are more stable near hydrophobic regions than near the hydrophilic sites, since the former presents a longer lifetime. Around 240 K the lifetime of the water-water bonds close to the hydrophilic sites becomes the same as the value for the bulk water. The Figure 5(b) shows that the lifetime of the water-protein hydrogen bonds close to the hydrophilic sites are more bounded than the water close to the hydrophobic sites.
This result is consistent with the idea that the hydration water shows a very distinct behavior when confined in globular proteins [50] , in hydrophobic [51] and in hydrophilic [52] nanopores due to the dominant interaction with the confining system. While close to the hydrophilic sites the dynamics shows a change at 240 K due to the mobility of the protein-water entity, the water close to the hydrophobic sites becomes more mobile by unbinding from the protein. Our simulations supports that the 240 K transition is related to the kinetics of the water-protein binding and also suggests that the system exhibits a two steps crossover.
Summary and conclusions
In this work the water-protein dynamics and the structure were analyzed in the hydrophobic and hydrophilic vicinities by exploring the behavior of water near the TS-Kappa globular protein. The diffusion coefficient of the water close to the hydrophilic sites shows a crossover at 240 K that is the value proposed by experiments and simulations for the dynamical transition of the water-protein system. Close to the hydrophobic sites, however, the crossover is observed for higher temperatures.
The MSD of the protein also shows a crossover at 240 K what suggests that the water-protein dynamics is governed by the water at the hydrophilic sites. This cooperative dynamics is also indicated by the higher n w−pHB compared with the n w−wHB about this temperature.
In the case of the water close to the hydrophobic sites the crossover is determined by the unbinding of the water from the protein. Around 270 K the number of water-protein hydrogen bonds becomes zero while the waterwater are still bonded.
Our results supports the idea of a common kinetics between water and the protein. This coupling is associated with the functioning of the protein and therefore of relevance for biological, chemical and physical processes.
